Rice bran contains useful components such as starch, fiber, and protein. In this study, we investigated the use of rice bran as an inexpensive nutrient supplement for the growth of yeast in simultaneous saccharification and fermentation (SSF) for bioethanol production from rice straw. We found that rice bran was as effective a nutrient as corn steep, which is the yeast nutrient typically used in SSF. The addition of rice bran during SSF also increased the sugar concentration, thus improving the initial growth rate of the yeast cells and rapidly creating a stable SSF condition as well as increasing the final ethanol concentration. In the lab-scale experiment, the final ethanol concentration reached 69.3 g/L, and the ethanol yield was 79 %. Thus, we achieved highly efficient utilization of rice bran in SSF of rice straw in the lab-scale experiments, and these findings were verified in pilot-scale SSF experiments.
Introduction
Lignocellulosic biomass is the most promising renewable resource for bioethanol production 1) . However, the major barrier for the commercial production of ethanol using lignocellulosic materials is the cost of processing lignocelluloses 2) . Recently, simultaneous saccharification and fermentation (SSF) with hydrolytic enzymes has been studied to reduce the time and number of processing steps in the production of ethanol from cellulosic biomass 3) .
However, with batch SSF, only 10 % (w/v) dry matter content can be loaded in the fermenter because of the substrate-mixing problem 4) .
In contrast, because fed-batch SSF can use higher final substrate concentrations than batch SSF, much higher ethanol concentrations can be achieved; in a previous study, under optimized conditions, the final concentration of ethanol produced by fed-batch SSF was 57.3 g/L 5) .
Similarly, we previously found that the theoretical ethanol concentration in a pilot-scale fed-batch SSF experiment was approximately 5 % -6 % (w/v) 6) . In a study by Zhang et al. 4) , fed-batch SSF using a final substrate concentration of 25 % (w/v) with 22. . Thus, one strategy to increase the productivity of the bioethanol process is to find suitable nutrient supplements at a low price.
Rice is one of the most popular staples, especially in Asian countries 8) . More than half of rice production occurs in Asian countries such as China, India, Indonesia, Bangladesh, and
. Rice bran, which is the residue from brown rice obtained following the production of white rice, is one of the most abundant agricultural by-products 10)
. Rice bran forms 8 % -10 % of the total weight of the rice grain and contains approximately 90 % of its micronutrients 10) 11)
.
Rice bran is a source of protein, oil, vitamins, and starch 12) .
However, the potential of rice bran has not been utilized fully 13) . For example, as reported by Osakada et al. 
Materials and Methods

Materials
Rice straw was collected in Shinano-machi, Nagano, Japan. The rice straw was cut into 2 cm pieces and puffed using an automatic continuous puffing machine 6) .
The puffed rice straw was then added to a 0.2 N NaOH aqueous solution at 50 °C that was allowed to cool to room temperature overnight. The straw was then squeezed to remove excess alkaline solution, neutralized with HCl to pH 5 -6, squeezed again to remove excess solution, and then dried at 60 °C to a constant weight. The final moisture content of the rice straw was 7.5 %. Rice bran was also collected in Shinano-machi, Nagano, Japan. The moisture content of the rice bran was 9.3 %. The main components of the rice straw and rice bran are shown in Table 1 .
The following enzymes were used in this study: YPD plate medium (0.25 % yeast extract, 0.5 % peptone, 0.1 % glucose, and 1.5 % agar) was used for counting the yeast cells. 
Methods
The following method was used for yeast cultivation.
Briefly , conditions. The composition of media was shown in Table 2 .
The nitrogen content of different nutrient supplementations was shown in Table 3 . The amount of fiber (cellulose) contained in corn steep was negligible. The cellulose content of rice bran was taken in calculation of the carbohydrate concentration.
The following method was used for fed-batch SFF.
The SSF basal medium contained 50 mM citric buffer (pH The protocol used for the pilot-scale fed-batch SSF experiments was the same as described above, with the following modifications. The 50 mM citric buffer was replaced with tap water, and L-(+)-lactic acid was used to adjust the pH value to 5. Unlike in the lab-scale experiment, the total content of rice straw used in the pilot-scale experiment was 16 % (57.6 kg dry) with 9 % (36 kg dry) rice Fig. 3 ).
However, the number of cells observed when D medium or S medium was used was small. A mixture of inorganic nitrogen, phosphorus, and potassium was also tested as a medium; however, the yeast cells did not proliferate in this mixture. The changes in the concentrations of glucose and ethanol under the different nutrient conditions were also analyzed ( Table 5 ). There were no significant differences in these concentrations when YPD1, YPD2, CD, or CS medium was used for cultivation:
for all four media, the glucose was totally consumed after 17 h of cultivation. In contrast, ethanol was not detected in the D medium or S medium even after 17 h 
Simultaneous saccharification and fermentation
The efficacy of rice bran as a nutrient supplement in SSF using pretreated rice straw was compared with . In this situation, the SSF would be prolonged, and thus operating costs would be increased. In this study, we also found that the use of rice bran increased the glucose conversion rate.
After 48 h, the glucose concentration in SSF system was 3.1, . In the present study, to increase the ethanol yield, 18 % substrate content was used. In addition, instead of using a batch SSF process, we used a fed-batch process to add the lignocellulosic substrate. In this way, the viscosity of the medium was kept low due to a gradual feeding of new material to the reactor, in which the viscosity of the mixture was decreased by enzymatic degradation 25) ; thus, the negative effect of using a high substrate load was decreased.
However, not only the yield, but also the concentration of ethanol produced is important, since the energy demand in the distillation step is highly dependent on the ethanol concentration in the slurry 26) .
Pilot scale simultaneous saccharification and fermentation
In this study, using a high concentration of lignocellulosic substrates, an ethanol yield of 79 % and a final concentration of 69.3 g/L ethanol were obtained when rice bran was used as the nutrient supplement. To confirm these findings, a series of pilot-scale experiments were performed, in which the addition of rice bran was also shown to have a positive effect on SSF using rice straw. As expected, in these experiments, we achieved an ethanol yield of 82 % with a final rice straw concentration of 16 % (Fig. 5) . In contrast, when 0.08 % corn steep was used as the nutrient supplement, the ethanol yield was 77 % with a final rice straw concentration of 21 %. After 3 d, when rice bran was used as the supplement, glucose could not be detected in the medium, and the concentration of ethanol was 52.6 g/L. Thus, the SSF process was more efficient when rice bran was used as the supplement than when corn steep was used as the supplement. In conclusion, the use of rice bran as a nutrient supplement is a promising strategy for the bioconversion of biomass at high efficiency and low cost. 
Conclusions
